ABSTRACT The tropical abalone, Haliotis asinina, is an ideal species to investigate the molecular mechanisms that control development, growth, reproduction and shell formation in all cultured haliotids. Here we describe the analysis of 232 expressed sequence tags (EST) obtained from a developmental H. asinina cDNA library intended for future microarray studies. From this data set we identified 183 unique gene clusters. Of these, 90 clusters showed significant homology with sequences lodged in GenBank, ranging in function from general housekeeping to signal transduction, gene regulation and cell-cell communication. Seventy-one clusters possessed completely novel ORFs greater than 50 codons in length, highlighting the paucity of sequence data from molluscs and other lophotrochozoans. This study of developmental gene expression in H. asinina provides the foundation for further detailed analyses of abalone growth, development and reproduction.
INTRODUCTION
Abalone (Haliotis spp.) are a particularly attractive aquaculture species because of their high demand, high market value and limited supply (Gordon & Cook 2001 , Oakes & Ponte 1996 . Whereas temperate abalone form the majority of abalone exports worldwide, there is a growing demand for tropical species (Jarayabhand & Paphavasit 1996) . The tropical Indo-Pacific, including Australia, is well positioned to capture and further develop this market through the aquaculture of the rapidly growing tropical species Haliotis asinina Linnaeus. This species reaches marketable size far quicker than the temperate species (Capinpin & Corre 1996 , Capinpin et al. 1999 and is ideal for the new "cocktail"-sized abalone market (Nateewathana & Hylleberg 1986 , Singhagraiwan & Doi 1993 .
We have been using the tropical abalone to address questions pertaining to development (e.g., Giusti et al. 2000 , Hinman & Degnan 2002 , Hinman et al. 2003 , O'Brien & Degnan 2002a , 2002b , Jackson et al. 2005 ) and as a model to investigate the molecular basis of commercially important developmental and physiological traits (Jackson et al. 2005 , Selvamani et al. 2001 , Selvamani et al. 2000 . With a frequent and predictable spawning cycle (Counihan et al. 2001 , Jebreen et al. 2000 and established techniques for culturing to sexual reproduction (Jackson et al. 2001) , gene expression can be easily studied at any stage of the life cycle. As a member of the Lophotrochozoa, the least investigated bilaterian superphylum (Adoutte et al. 2000) , analyses of H. asinina development also contributes to a general understanding of metazoan evolution and development.
As a prelude to the sequencing of the human genome, over 170,000 ESTs were sequenced in an attempt to identify new genes and their expression patterns (Adams et al. 1995) . This approach has been applied to a wide range of species, permitting the identification of homologous genes from organisms not previously studied (see http://www.ncbi.nlm.nih.gov/dbEST/ dbEST_summary.html for a comprehensive list). Included in this public database are a number of marine invertebrates: the ascidians, Ciona intestinalis (684,319 ESTs), Halocynthia roretzi (4192 ESTs) and Polyandrocarpa misakiensis (465 ESTs), the lancelet Branchiostoma floridae (277, 538) 
MATERIALS AND METHODS

RNA Extraction and Library Construction
Total RNA was extracted according to the method of Chomczynski and Sacchi (1987) from the following developmental stages: egg, gastrula, early trochophore (13 h post fertilization; hpf), mid torsion (18 hpf), early veliger (24 hpf), mid veliger (40 hpf), early competent veliger (72 hpf), late competent veliger (134 hpf), 1 day post metamorphosis and 5 days post metamorphosis. All RNAs were quantified spectrophotometrically and qualityassessed by inspection of samples that had been electrophoresed through a 1% formaldehyde gel (Sambrook & Russell 2001) . To maximize gene representation in the cDNA library 200 ng of total RNA from each stage was combined for library construction using the directional Clontech SMART cDNA library synthesis kit. Following the manufacturers instructions, double stranded cDNA was PCR amplified for 23 cycles prior to cloning. Five-thousand plaques were individually hand picked following methods outlined by Sambrook and Russell (2001) for microarray printing. Of these 288 plaques were PCR amplified using the Triple X forward (CTCGGGAAGCGCGCCATTGTGTTGGT) and reverse (TAATACGACTCACTATAGGGCGAATTGGCC) primers. Successful PCR reactions were subsequently purified with the Millipore multiscreen PCR clean up kit. Two-hundred and thirty-two clones were single-pass sequenced using the Triple X forward primer and ABI Big Dye terminator mix (version 2) following standard procedures (2001) .
Sequence Analysis
Sequencing chromatograms were assessed manually using 4Peaks (v1.5) and were truncated to eliminate ambiguous terminal base calls and vector sequence. BLASTx and BLASTn homology searches were conducted against the NCBI nr databases using the *Corresponding author. E-mail: b.degnan@uq.edu.au default conditions (low complexity filter on, an expect value of 10 and the BLOSUM62 matrix with existence 11 and extension 1 gap costs). Sequences that returned BLAST matches with an E value of 1e −06 or less were considered significant, and allowed a functional classification to be loosely made following the scheme of Lee et al. (1999) . To assess sequence redundancy or "uniqueness," sequences were clustered using ClustalW (http://www.ebi.ac.uk/ clustalw/index.html?), (Chenna et al. 2003) . The integrity of each cluster was assessed manually by visually inspecting cluster alignments for overlap quality. Where cluster members were found to share more than 95% identity the cluster was usually maintained.
ESTs were also assessed for the presence of a putative poly (A) tail and an associated polyadenylation signal based on the classification of Beaudoing et al. (2000) . Those sequences that did not return any significant BLAST result were assessed for the presence of an open reading frame (ORF) using the European Bioinformatics Institute Transeq server (http://www.ebi.ac.uk/emboss/transeq/). Only ORFs longer than 50 amino acid residues were accepted (Lee et al. 1999 , Lehninger et al. 1993 .
RESULTS
The Haliotis asinina developmental cDNA library contained 5 × 10 7 pfu/mL, of which approximately 93% were recombinant clones. These had an average insert size of 1044 ± 411 bp. Clustering of the 232 sequences revealed that 157 sequences occurred only once, 16 sequences occurred twice, 3 sequences occurred three times, 3 sequences occurred four times, 3 sequences occurred 5 times and 1 sequence occurred 7 times, producing 183 unique clusters (Table 1) .
Homology searches using the BLASTx and BLASTn algorithms were conducted for all sequences. 90 clusters returned a significant BLAST result and are grouped according to function in Table 2 . Sixty-eight clusters fell into the category of genes used by many cell types, 8 clusters showed homology with genes involved in cell-cell communication, 3 clusters showed homology with transcription factors, and they are likely to play important developmental or biosynthetic roles in H. asinina. Eleven clusters showed significant homology with an undescribed ORF and could not be classified ( Fig. 1 ; Table 1 ). These EST sequences have been submitted to GenBank under accession numbers DY402832-DY403158.
Polyadenylation Signal and ORF Analysis
Of the 183 unique clusters, 81 were completely sequenced in one pass and possessed a poly (A) -rich region at the 3Ј end of the sequence. Of these 81, 54 possessed a putative polyadenylation signal a mean distance of 17 nucleotides upstream of the poly (A) tail. The frequency of polyadenylation signals alternative to the predominant AATAAA signal was remarkably similar to that of human signals reported by Beaudoing et al. (2000) (Table 3 ). We also found that out of all ESTs with a polyadenylation signal, 5 (2.1%) had dual polyadenylation signals an appropriate distance Beaudoing et al. (2000) . Of the 93 clusters that did not produce a significant BLAST result, 71 possessed ORFs equal to or longer than 50 codons (150 nucleotides), suggesting that they represent transcribed genes with no reported homologue.
DISCUSSION
A decade ago Adams et al. (1995) established a set of stringent criteria for selection of cDNA libraries of adequate quality to be used in a large scale human EST analysis. These criteria included the following parameters: (1) less than 20% of the clones in library should have no insert or ribosomal and mitochondrial sequences; (2) the average insert lengths should be 1 kb or greater; (3) at least 50% of the cDNAs should encode novel genes and (4) no gene or group of genes should dominate the distribution. These authors advocate the sequencing of 100-200 clones as an excellent means of assessing library quality based on these criteria. Here we have constructed a cDNA library from 10 distinct stages of development from the tropical abalone Haliotis asinina. Upon sequencing 232 randomly selected clones, we found that this library satisfies all of the criteria outlined by Adams et al.(1995) . Searching the NCBI databases using the BLAST algorithms, 90 of the 183 clusters (49.1%) are significantly similar to previously described sequences.
As Lee et al. (1999) points out, one of the great advantages of an EST analysis of a novel cDNA library constructed from relatively poorly studied tissues is the generation of probes for "interesting" genes. This study has revealed a number of ESTs that deserve further investigation in terms of their temporal and spatial expression profiles, and the developmental and physiological roles * Indicates gene names that do not belong to the most significant BLAST match for that EST. The presented gene name is taken from the next most significant BLAST match that allowed classification. Numbers in bold parenthesis represent the total number of clones in that cluster.
that they play in the tropical abalone. For example, a significant proportion of the ESTs encode proteins that appear to be involved with stress response, detoxification, cell defense and innate immunity (Fig. 1) . Analyses of differential gene expression in the ascidians Boltenia villosa and Herdmania momus during larval development and metamorphosis have revealed that a significant proportion of the expressed genes are involved with the innate immune system, with most of these being up-regulated during metamorphosis (Davidson & Swalla 2002 , Woods et al. 2004 ). Components of the innate immune system may therefore be responsible for recognizing and responding to bacterial settlement cues associated with a suitable settlement environment. Bacterial biota associated with coralline algae may be responsible for induction of abalone settlement and metamorphosis (Bryan & Qian 1998 , Roberts 2001 .
Genes involved in cellular metabolism are also well represented in this EST set (7 clusters). Because larvae of H. asinina are lecithotrophic (nonfeeding), maternal energy reserves are utilized during larval development and metamorphosis. Genes encoding certain digestive enzymes however only appear to be activated during late larval development (Degnan et al. 1995 , Spaulding & Morse 1991 , whereas enzymes required for algal digestion are not detectable until postlarvae are significantly older (Takami et al. 1998) . The proteases and metabolic enzymes identified here provide a platform from which to further our understanding of the processes that regulate and limit larval and juvenile growth.
An FMRF-encoding gene was also detected in this EST survey. In the gastropod mollusc Lymnaea stagnalis, expression of this gene is affected by infection of a schistosome parasite. This seems to be a strategy of the parasite to induce physiological (growth and reproduction) and behavioral changes in the host (Hoek et al. 1997) . Among natural populations H. asinina can become infected by a digenean parasite that has been suggested to influence the antagonism between growth and reproduction cycles (Lucas et al. 2005) , with infected animals effectively being castrated. The FMRF-neuropeptide identified here provides a means with which to study this phenomenon (Rice & Degnan, unpublished data) .
Of the 90 unique clusters that returned significant BLAST 1 The location reported here is the position of the sixth nucleotide of the hexamer relative to the beginning of the poly A tail. 2 These 3 hexamers were not reported by Beaudoing et al. (2000) but are included here as they only differ by one nucleotide from recognized polyadenylation signals, and were located within 30 nucleotides of the poly A rich 3Ј region, suggesting that they may be alternative abalone polyadenylation signals. matches, 11 (12.2%) could not be assigned a function. This value is less than that reported by Adams et al. (1995) for a human EST study (24.8% of 266,714 ESTs), but much larger than 5.2% reported by Lee et al. (1999) for a sea urchin EST analysis, and 4.1% reported by Davidson and Swalla (2002) for an ascidian EST analysis. These figures reflect both the exponential increase in the number of annotated sequences housed in the NCBI database since 1995 (the 1995 Genbank database was 3.7% the size of the 2001 database), and the fact that H. asinina belongs to the poorly studied Lophotrochozoan clade in terms of sequence representation and annotation.
After an analysis of those ESTs that showed no homology with any sequences in the GenBank database, Lee et al. (1999) estimated that 65% to 80% of these sequences were genuine protein coding sequences that were simply too divergent to match anything in the largely mammalian GenBank database. This estimate was based on an analysis of observed versus expected ORF length within each EST. Briefly, randomly generated sequences equal in length to those ESTs analyzed were assessed for the presence of the longest ORF. These derived ORFs rarely exceeded 150 base pairs. Here we analyzed novel clusters (clusters that showed no homology with GenBank sequences) for the presence of ORFs greater than 150 nucleotides in length, in an effort to identify genuine coding transcripts that have no homologues within GenBank. Of the 93 novel clusters, 71 (76.3%) possessed an ORF in excess of 50 codons. This is similar to Lee et al.'s (1999) estimate of Strongylocentrotus purpuratus specific mRNAs of 65% to 80%. Current developmental studies on H. asinina further support the notion of a high proportion of H. asinina specific genes (Jackson et al. 2005) . Interestingly, studies on C. elegans and Drosophila, for which entire genomes are available, have revealed lower estimates of organism-specific coding sequences: 50% and 30% respectively of all recognized coding sequences (Harrison et al. 2002) . If representative, this high proportion of novel coding mRNA transcripts for H. asinina further highlights the need for more studies of this kind to be conducted on the poorly studied Lophotrochozoan clade.
CONCLUSION
This small EST project has demonstrated that the H. asinina library we have constructed consists of a diverse set of cDNAs that are of a large enough size to be useful in future microarray and gene characterization studies. It has also shown that during development, embryos and larvae of the tropical abalone express genes involved in a range of functions, ranging from cell defense and innate immunity to signal transduction and metabolism. The percentage of EST sequences that do not have homologues in the NCBI database highlights the need for further EST projects to be conducted on more diverse organisms, especially taxa belonging to the Lophotrochozoa.
